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The  atomic  force  microscope  (AFM)  was  employed  to  examine  the  nanoscale  morphology,  surface 
topography,  and  growth  and  dissolution  characteristics  of  sinale  crystals  of  a  series  of 
organic  charge  transfer  salts,  specifically  those  comprising  the  tetracyanoguinodimethane 
(TCTIO)  acceptor  and  tetratTiafulvalene  (TTF) ,  tetramethyltetraselenafulvalene  (TMTSF) , 
and  bis- (ethylenedithiolo) tetrathiafulvalene  (BEDT-TTF)  donors.  The  dynamics  of  electro¬ 
crystallization  were  studied  ^  situ  on  specific  exposed  crystal  faces  of  these  salts  while 
the  supersaturation  was  controlled  by  the  applied  electrochemical  potential.  Results 
indicate  that  the  growth  modes  and  the  distribution  and  orientation  of  topoaraphic  features 
can  be  correlated  with  the  strength  and  direction  of  solid  state  intermolecular  bondinn. 

In  general,  the  nanoscale  topographic  structure  resembled  the  macroscopic  morphology, 
suggesting  self-similarity  across  the  length  scales  examined. 
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Alniiiic  Forte  Microscopy  of  Uic  l''lec(rocliciiiic:il  Niicleatioii 
*  iiiul  (irowCIi  of  Molecular  Cry.slal.s 

Andrew  C.  Hiliicr  and  Miclmel  O.  Waul 
Department  of  Chemical  rjiftinecfinfi  and  Materials  Si  iriu  e 
University  of  Afinnesa'it,  42i  Ave.  Si'.  Minneaptdis.  MN 

Introduction 

Molecular  crystals  conlaiitinp  organic  coniponerds  cxlnhil  a  vaiirly 
of  interesting  and  potentially  useful  electronic  piopoitics,  includirtg  elce  nical 
conductivity,  superconductivity,  non  linear  optical  hehavior.  and 
fcrroinugnclisin,!  and  also  comprise  the  inajoilty  of  phaifuaceulical 
rcagcitts.^  Much  of  tlic  interest  in  these  inatciinis  sicitis  froui  the  nldlily  lo 
employ  molecular-level  "crystal  engineering"  strategies^  to  conliol  solid  stale 
intcrmolccular  interactions  in  order  to  rationally  manipulate  crystal  (Kicking 
and,  conseijucnlly,  inllucncc  bulk  physical  and  electronic  propoitics.  While 
these  strategies  have  been  employed  in  the  design  and  synthesis  of  many 
organic  crystals,  the  self  assembly,  nucicaiion,  ami  crystallisation  (uocesses 
that  arc  responsible  for  llicir  formation  arc  not  well  understood,  paiticulaily  at 
the  molecular  and  nanoscalc  level.  This  understanding  is  ciucial  if  important 
crystal  characteristics  such  as  polymorphism,  habit,  morphology,  inclusion 
formation,  and  defect  density  arc  to  be  controlled. 

Recent  dcvclopmcnt.s  in  atomic  force  microscopy  (AI  Nf),'*  however, 
now  provide  for  hr  situ  visualisation  of  the  early  siagc.s  of  growtii  of  organic 
crystals  in  liquids,  as  evidenced  by  recent  reports  for  tlrcsc  and  otlicr 
malcrial.s.'*''^  Tljis  capability  provides  for  dynamic  observation  of  nticlcation 
events,  and  the  determination,  at  small  length  .scales,  of  llic  distribution  of 
topographic  features  (i.c.  terraces,  ledges  and  kinks)  that  play  an  important 
role  in  crystal  growth.^  We  herein  report  in  situ  Al'M  ohscMvations  <»f  the 
nano.scalc  morphology,  surface  topography,  and  growili  and  dissolution 
characteristics  of  .single  cry.stajs  of  a  scries  of  organic  charge  transfer  salts, 
spccirically  tho.se  comprising  lltc  totracyaiioquinodiincthanc  (TCNQ)  acceptor 
and  (ctrnthiafiilvaicnc  (  ri  f').  letraniriliyltciiasclcnafulvalenc  ( IM  ISb).  and 
bis  (c(liylcnc(lithitdo)lcliaihiaru)valcnc  (nid)T-'rir)  donors  with  a  variety  of 
counlcr-ions.  . 

Experimental 

Atomic  force  microscopy  (ATM)  experiments  were  pcihnmcd  with  a 
Digital  Instruments  Nanoscopc  III  scamring  pro(>e  rtricrosco('c.  Ar  si(u  studies 
were  accomplished  with  an  Ab'M  clccuochcmical  fluid  cell  (Digital 
Inslrumcnls)  in  a  thrcc  clcctrodc  ermfiguration.  lire  working  electrode 
con.sistcd  of  either  graphite  or  a  nraturc  single  crystal  suifacc  while  platinum 
and  silver  wires  served  as  emmter  and  quasi  (crcrcncc  electrodes,  respectively. 
ITic  counter  and  rcrcrcnce  electrodes  were  placed  in  the  outlet  port  of  the  Ihtid 
cell.  Expcrimcnls  were  then  jrerformed  in  otganic  solutiorrs  of  ctfranol, 
propylene  carbonate,  or  .acetonitrile  containing  millintolar  concentrations  of 
(he  donor/accepior  and  high  concentrations  of  (be  counterion  in  a 
tctr.abutylammonium  salt,  which  also  served  as  the  supporting  clceiiolyto. 

Rc.sulU  ntul  Discussion 

A  variety  of  conductive  and  insulating  .salfs  were  cxaiiiinal  with  a 
range  of  bonding  properties.  The  low-dimensroiial  cortductors  typically 
exhibited  one  dominairt  bonding  interaction.  A  strong  preference  for  (IIM)| 
ledges  on  the  (DOl)  face  of  the  low  dimensional  organic  superconductor 
(TMTSF)2CI04  is  a  consequence  of  strong  intcrmolccular  cfiarge  transfer 
interactions  hclwccii  1 MTSP  molecules  stacked  along  (his  rlircctlon  (riguic 
I).  The  (001)  face  of  (TM  r.Sf-)2CI04  exhibits  layer-by-layer  growrh 
ctcliing,  in  which  the  layers  correspond  lo  single  unit  cell  heights  of  I  A.  A  | 
icrracc-Icdgc-kink  mechanism**  is  observed,  with  the  direction  6f  fa.stosi 
growth  and  etching  oriented  along  the  TM'I  SP  slacking  axis.  ^ 
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Figure  I:  Mnlccular  p.'t<  king  nf  (he  ftKII)  plane  of  (  I  M  I  SP)2^  H M  •'*' 
AFM  image  of  this  face  on  a  maiufc  crysl.al  showing  (tK)l)  Iri  races  bmiudrd 
by  ( f fXlj  lericrs  The  |  IIX)|  direclion  corresfH>mls  to  the  cryst.il  slacking  axis 
and  is  the  direction  of  strftrigest  inierniolreular  solifl  stale  N*tr(ling 


( 'i  yslals  of  iIk'  lo\s  iliiiicnsional  or  p.niic  i  loi  (  (  )  |  )|li  ^  ^  li.u  r 

.ilso  hccu  imagctl  in  situ  (oJIowiiig  miclcaiiofi  <r(j  a  highly  orirulcd  pyji»l\lir 
gia(*hilc  (IKd’li)  siiilacc.  I  |ic‘,(‘  crystals  exhibit  :r  h.rhil  ‘  imil.rr  lo  lhal  of  Ihr 
maluie  crysial  and  can  be  indexed  using  "AbM  g<ifrioutern  I  he  rxpoxed 
iiyslal  laces  eoiisist  t»l  low  energy  planes,  as  tlerivcd  fo»ni  tin*  civsla) 
siriKluro.  while  lire  nrietiKeoj'ie  surface  sfinctnie  itelba  »s  s<ili(|  xr.ilf  hondijrg 
lire  obsx'fxed  giowtlj  iniule  varies  with  ihe  paitii  rr(;u  <  rysr.il  fa< c  exaininet! 
However,  flic  |0fH)  clraige  li.msfei  axis  manifests  in  die  form  of  orienied 
top(»giaphieal  stmctuies.  namely  dominant  ((K|(  |  ledges. 

Seveial  iw'o  dimensional  sails  were  exaniineil  Die  iioul.uing  sail, 
l(*p*Rul2(f ’>clophane)  (rC'Nt))>.  exhibits  lsv<»  <lofninaul  l>r)r)ding 
iii(eiaclir>ns.  one  clectiosialic  and  the  other  van  der  Wa.ils  iit  nature,  wliilc  a 
signincant  charge  Iransfer  inlctaclion  is  nlwent.  Ihe  resuliing  groutJr  rnotle  is 
clearly  more  iwtoilimensionai  arrd  cxlihils  a  layer  by  l.tycr  evolutiorr  in  lire 
11 10]  direction.  However,  the  presence  td  anisotropic  clertrftstnfie  arrd  v.irr 
tier  Waals  iiiteracliorrs  in  the  plane  (d  this  face  conlribnles  hr  (he  huniation  <rf 
diuninant  leilgc  ami  kink  st  met  rues  ( Figure  2).  I  hese  letiges  or  rent  in  lire  1 1  ] 
0)  ami  1 1  II  j  directions,  lire  two  dimensional  otganic  ec»mluct('i  <t  (111:1)!'- 
rriM2W  exhibits  a  similar  layered  giowili  mode  willr  Iwo  dominant  ledge 
tlirectlorr.s. 
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1 1()| 


Figure  2:  Faycicd  growth  of  the  (I  10)  lace  of  (C'p'Ru) >(( 'vclopliane) 

( !(  ’NQ)2  that  lesulls  ftr^m  Ihe  two  ilomlnant  bonding  ilirections  (a)  rnolccufat 
j>acking  of  (01  I )  face  nrrtl  (b)  AFM  image  rd  grtwvth.  ’I  lie  1 1 1 1 1  leilpes  are 
moving  in  ibe  |  *1 1 1 )  irnecih)n 

(Joiudiisions 

Ibesr  studies  illuslrate  thal  anisoirr*pic  solid  slate  inlcirmdeeular 
forces  play  a  rimuinani  role  in  delttung  the  nanoscale  topograph'  .  elebing  and 
gri)vv()j  ciraraclei istics  of  molecular  single  ci)slal  faces.  In  several  examples 
dcscfibcrl  here,  the  bchavirrr  is  dominaied  by  nanoscale  ledge  sliurtrrre  that  is 
coimidem  with  diiectioirs  of  strong  inlet irrolccular  clecltosiaiie  and  cliaige 
lian.sfci  inteiaclious.  'Ihe  role  of  excess  inlerfaeial  energy  during  crystal 
grow-ih  is  evirleni  from  the  disiiit>niion  of  letinees.  ledges,  and  kinks  dial 
differs  from  llral  observed  mnler  equilibrium  condilitms.  Ibese  obsei vatii>ns 
imJic;r(c  J)m(  lire  surf, ice  loj>ogta/diy  is  related  to  the  motjdmiogy  of 
macioscoprc  cry.slal.s,  siiggosiing  self  similar  ity  <d  morphology  during  the 
crysial  giowJh  prtHTss. 
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